A model solution of orange juice was prepared and stored. Factors affecting browning and formation of such decomposition products as 3-hydroxy-2-pyrone (3OH2P), 5-hydroxymethylfurfural (HMF), furfural, 5-hydroxymaltol, and 2-furoic acid were examined. Ascorbic acid (AsA) was essential for browning, which was stimulated by amino acids and citric acid, and repressed by chelators and radical scavengers (RS). 3OH2P was derived from AsA. Its formation was stimulated by sugars and repressed by citric acid, chelating agents, and RS. HMF was derived from fructose. Furfural was derived from AsA, and its formation was stimulated by sugars and chelating agents and repressed by RS. 5-Hydroxymaltol and 2-furoic acid were derived from fructose and AsA respectively. We did not find any decomposition products showing the same formation pattern as the browning, but a furfural solution with added amino acids turned brown like the model orange juice solution. It might be an indicator for the browning of orange juice.
Orange juice is one of the most popular beverages in the world. When it is stored, it gradually turns brown. It is rich in ascorbic acid (AsA). The nutritional value of orange juice is related primarily to the content of AsA. Two of the major changes during storage of orange juice are development of off-flavor and browning. 1) AsA is an antioxidant but it contributes to browning of foods because it is easily oxidized and decomposed. [1] [2] [3] Therefore, decomposition of AsA together with nonenzymatic browning is the main deteriorative reaction that occurs during storage of orange juice. Tatum et al. found several degradation products of AsA during the storage of orange juice. 4, 5) The factors affecting AsA degradation are pH, oxygen, AsA concentration, temperature, light, metals, citric acid, and so on. In the presence of oxygen, AsA is degraded primarily to dehydroascorbic acid via a monoanion. The lactone of dehydroascorbic acid is hydrolyzed to form 2,3-diketogulonic acid, which does not show vitamin C activity. Decarboxylation of 2,3-diketoguloninc acid produces xylosone, which is further degraded to reductones and furan compounds. Kanner et al. reported a relationship between the browning of orange juice and the concentrations of 5-hydoxymethylfurfral (HMF) and furfural. 6) Kacem et al. 7) suggested that furfural and HMF formed by the amino-carbonyl reaction contribute to the browning of orange juice. Hence furfural and HMF are considered important intermediates and indicators of the browning of orange juice. [8] [9] [10] But Roig et al. have stated that HMF cannot be used as an index of the browning of citrus juice.
11) The usefulness of these indicators is still unclear, and the detailed pathway and mechanism of browning is still unknown. In a previous paper, 12) we prepared a model solution of orange juice containing sugars, AsA, amino acids, and citric acid, and stored it to examine factors affecting the browning and to analyze the decomposed products. AsA contributed most to the browning, and 3-hydroxy-2-pyrone (3OH2P) appeared to be an indicator of the browning of citrus juice during storage. 12) Here we examined the factors affecting the formation of such decomposed products as 3OH2P, HMF, furfural, 5-hydroxymaltol, and 2-furoic acid, and the relationship between browning and the decomposition products.
Materials and Methods
Model solution of orange juice. A standard model solution of orange juice consisting of sugars, AsA, citric acid, and amino acids was prepared according to the previous paper (Table 1) . 12, 13) A solution lacking in a component of the standard model solution was also prepared. The pH of each solution was adjusted to 3.0 with 1 N NaOH. Each solution (15 ml) was put in a vial (30 ml) with a screwed plastic cap and then stored at 50 C for 2 months. Two vials were analyzed at each y To whom correspondence should be addressed. Tel: +81-3-5978-5753; Fax: +81-3-5978-5755; E-mail: murata@cc.ocha.ac.jp Abbreviations: AsA, ascorbic acid; 3OH2P, 3-hydroxy-2-pyrone; HMF, 5-hydroxymethylfurfural; DTPA, diethylenetriamine-N,N,N,N,Npentaacetic acid; NTA, nitriloacetic acid storage time (0-60 d). Each experiment was repeated at least twice. When AsA was added to the standard model solution, the concentration of AsA was 5 times or 20 times denser than the control. When sugars, citric acid, or amino acids were added to AsA solution, the concentration of each component was as shown in Table 1 .
Analysis of decomposed products. Five decomposed products, 3OH2P, HMF, furfural, 5-hydroxymaltol, and 2-furoic acid, were analyzed by 3D-HPLC, as described previously.
12) HMF, furfural, and 2-furoic acid were purchased from Wako Chemical (Osaka, Japan). 3OH2P and 5-hydroxymaltol were prepared from AsA solution and fructose solution containing AsA respectively, as described previously.
12)
Effect of radical scavengers, chelating agents, and head space on browning. EtOH (20%, v/v) or mannitol (5.6 mM) as a radical scavenger was added to the standard model solution. Diethylenetriamine-N,N,N,N, N-pentaacetic acid (DTPA, 1.0 mM) or nitriltriacetic acid (NTA, 1.0 mM) as a chelating agent was added to the standard model solution. In another experiment, in which the effect of head space was examined, vials filled with model orange juice were prepared at the same time.
Storage of decomposed products. 3OH2P, furfural, HMF, 5-hydroxymaltol, or 2-furoic acid was dissolved in distilled water at concentrations of 5.0 mmol/l, 5.7 mmol/l, 1.1 mmol/l, 121 mmol/l, and 1.4 mmol/l respectively, and stored at pH 3.0 for 60 d at 50
C. All amino acids, or each amino acid shown in Table 1 was also added to the solution and stored. The browning of these solutions was estimated by OD 420 .
Results and Discussion
Browning and decomposition products of model solution of orange juice
The solution was stored at 50 C with head space to promote the browning reaction. The model solution gradually turned brown during storage (Fig. 1A) , and several decomposition products were formed (Fig. 1B) .
12) The browning curve appeared to have two phases. We focused mainly on the first phase, or the first 14 d. AsA was essential for browning. The browning was stimulated by amino acids, sugars, and citric acid, and repressed by radical scavengers, chelating agents, and an absence of head space. 12) Among the five decomposition products, only 3OH2P initially increased and then decreased. The other four products increased spontaneously.
Effect of AsA on the formation of decomposition products and browning Several decomposed products were detected by HPLC during storage. The factors affecting the formation of 3OH2P, HMF, furfural, 5-hydroxymaltol, and 2-furoic acid were examined. First the model solution in which AsA was removed was stored. Then the formation of decomposition products was examined and compared with the degree of browning. When AsA was removed, the solution did not turn brown at all for 30 d and then gradually turned brown. When AsA was removed from the model solution, no 3OH2P or 2-furoic acid was detected during 60 d of storage, and no furfural was detected until 14 d of storage (Fig. 2 ). This shows that 3OH2P, furfural, and 2-furoic acid are derived from AsA. 3OH2P, furfural, and 2-furoic acid have been reported to be decomposition products of AsA (Fig. 3) . 2, [14] [15] [16] Furfural appeared to be partly formed from sugars after 14 d. Oxalic acid, one of the decomposition products of AsA through 2,3-diketogulonic acid in physiological condition, 17) was not detected in this solution. On the other hand, the removal of AsA did not have any effect on the formation of HMF. The formation of 5-hydroxymaltol was strongly repressed by the removal of AsA, although it was formed in the absence of AsA.
Next AsA was added to the standard model solution. The formation of 3OH2P, furfural, and 2-furoic acid increased according to the increase in AsA (Fig. 4) . On the other hand, the formation of HMF and 5-hydroxymaltol did not increase with the addition of AsA.
Effect of sugars on the formation of decomposition products and browning
HMF is generally derived from sugars such as glucose and fructose during heating in an acidic solution. 18) When sugars were removed from the model solution, no HMF was formed (Fig. 5) . The model solution contained 5% sucrose, 2.5% glucose, and 2.5% fructose. When sugars were replaced by 10% sucrose, 10% glucose, or 10% fructose, HMF was little detected in the solution containing 10% glucose, while it was formed to the same or two times higher level in the solution containing 10% sucrose or 10% fructose respectively (Fig. 6A ). This result suggests that HMF was derived mainly from fructose in the model solution. Furfural is mainly derived from AsA. However, when sugars were removed from the model solution, the formation of furfural was reduced to about 1/2 or 1/3 at 14 d of storage, and to about 1/8 at 60 d of storage (Fig. 5) . Then the effects of sucrose, glucose, and fructose on the formation of furfural were compared.
Furfural was formed in the solution containing sucrose and glucose to the same level as in the model solution, while it was formed in the solution containing fructose only to about the half of the model solution (Fig. 6B) . These results suggest that the formation of furfural from AsA is strongly affected by glucose, sucrose, or their decomposition products.
When sugars were removed from the model solution, no 5-hydroxymaltol was detected (Fig. 5) . 5-Hydoxymaltol was formed in the solution containing sucrose or fructose, while it was not formed in the solution containing glucose (Fig. 6C) . These results show that 5-hydroxymaltol is also derived from fructose (Fig. 3) . It has been reported that 5-hydroxymaltol is formed from 2,3-dihydro-3,5-dihydroxy-6-methyl-4(H)-pyran-4-one hydrate through 1-deoxyosone. 19, 20) 3OH2P and 2-furoic acid are decomposition products of AsA. When sugars were removed from the model solution, the concentration of 3OH2P was at a similar level to the control at 7 d of storage, but after that, the concentration of 3OH2P definitely increased with the removal of sugars (Fig. 5) or fructose (Fig. 6D) . Since the peak 3OH2P concentration was at 7 d of storage, it might be that the decomposition or change in 3OH2P was affected by fructose or its decomposition products. When sugars were added to the model solution, the 
Effect of amino acids on the formation of decomposition products and browning
Browning was repressed by about half by the removal of amino acids, 12) while the formation of 3OH2P, HMF, furfural, 5-hydroxymaltol and 2-furoic acid was not affected by their removal (Fig. 7A) . It does not appear that amino acids have a direct rela- tion with the formation of these five decomposition products.
Effect of citric acid on the formation of decomposition products and browning
The browning of model orange juice was repressed by about half by the removal of citric acid.
12) The effects of removal of citric acid on the formation of decomposition products are shown in Fig. 7B . The formation of 5-hydroxymaltol was little affected by the removal of citric acid. Formation of 3OH2P and HMF was repressed and promoted respectively by its removal.
When citric acid was added to AsA solution, formation of 3OH2P was repressed from 260 (AsA alone) to 160 mmol/l (AsA plus citric acid) at 4 d of storage, and from 29 (AsA alone) to 10 mmol/l (AsA plus citric acid) at 14 d of storage. On the other hand, formation of furfural was promoted from 4.1 (AsA alone) to 9.5 mmol/l (AsA plus citric acid) at 14 d of storage. These results suggest that citric acid represses oxidative degradation of AsA.
Effect of head space, radical scavengers, and chelating agents on the formation of decomposition and browning AsA contributed to the browning of the model orange juice, showing that the process or products of AsA degradation are deeply involved in browning. AsA is easily oxidized and decomposed in the presence of oxygen. Hence the effects of head space, radical scavengers, and chelators on the formation of decomposition products were examined.
When the solution was degassed with nitrogen or the head space of the bottle was filled with the model solution, the degree of browning was promoted. 12) When the head space of the bottle was filled with the model solution, the peak of the formation of 3OH2P was delayed, formation of furfural was promoted, and the formation of 5-hydroxymaltol was repressed (Fig. 8A) . These results confirm that 3OH2P is formed by the oxidative degradation of AsA and that furfural is formed by the non-oxidative pathway (Fig. 3) .
2) The formation of HMF was little affected.
Alcohols such as ethanol and mannitol are scavengers of the hydroxyl radical. 21) When ethanol was added to the model solution, browning was repressed.
12) The addition of ethanol delayed the peak of 3OH2P formation and repressed the formation of furfural, 5-hydorxymaltol, and 2-furoic acid (Fig. 8B) . The addition of mannitol also repressed the formation of furfural and 5-hydorxymaltol, although the effects were weaker than those of ethanol. These results suggest that radicals promote the formation of 3OH2P, furfural, and 5-hydroxymaltol. We do not know exactly how the radicals promoted the formation of these compounds. 3OH2P and 5-hydroxymaltol are oxidative degradation products of AsA and fructose respectively. It appears that radicals promote the oxidative degradation of AsA and fructose. Further investigation is necessary to determine why the formation of furfural was repressed by radical scavengers.
It is well known that metals promote oxidative degradation of AsA. 22, 23) Browning of model orange juice is affected by the addition of chelating agents such as DTPA and NTA. DTPA reduces browning.
12) The formation of HMF was not affected by the addition of DTPA or NTA, while DTPA reduced the formation of 5-hydroxymaltol (Fig. 9 ). This suggests that radicals or active oxygen species might be involved in the pathway of 5-hydroxymaltol formation from fructose (Fig. 3) , because DTPA, a strong chelator, represses the formation of active oxygen species. 3OH2P and 2-furoic acid are formed by oxidative degradation of AsA, while furfural is formed mainly by non-oxidative degradation of AsA. DTPA appeared to repress the oxidative decomposition of AsA and the formation of 3OH2P and 2-furoic acid since the peak of 3OH2P formation was delayed by the addition of DTAP. The formation of furfural seemed to be promoted when oxidative degradation of AsA was repressed by DTPA. NTA did not show a definite effect on the formation of 5-hydroxymaltol or furfural since NTA is a weaker chelator than DTPA.
24)
Relationship between browning and decomposition products
We examined the factors affecting the formation of such decomposition products as 3OH2P, HMF, furfural, 5-hydroxymaltol, and 2-furoic acid. The effects of factors on browning and on the formation of decomposition products during 14 d storage were compared (Table 2) . AsA was essential for the browning of model orange juice. Browning during 14 d was stimulated by amino acids, citric acid, and an absence of head space, and was repressed by chelators and radical scavengers. 3OH2P was derived from AsA, and its formation was promoted and repressed respectively by the presence of fructose and citric acid. Amino acids had no definite effect on the formation of 3OH2P. The addition of chelators to the model solution repressed the formation of 3OH2P, while the addition of radical scavengers to the model solution was delayed. When the 3OH2P solution was stored, it turned brown, but amino acids did not stimulate the browning. We did not detect any definite peaks when stored 3OH2P solutions with or without amino acids were analyzed by HPLC.
HMF was formed mainly from fructose in this model solution. When amino acids were removed, the formation of HMF was repressed. When citric acid was removed, the formation of HMF did not change. The HMF solution and that with added amino acids did not turn brown.
The effect of each component on the formation of furfural was clearly different from that on the formation of HMF. When AsA was removed, the formation of furfural was hardly observed during 14 d of storage. After then, furfural partly appeared. When sugars were removed, the formation of furfural was considerably repressed. These results suggest that furfural is formed from AsA and that its formation is promoted by sugars. Citric acid stimulated the formation of furfural. When a furfural solution was stored, the solution did not turn brown, but when amino acids were added to the furfural solution, it turned brown at 14 d of storage. 12) Figure 10 shows the effect of amino acids on the browning of model orange juice and furfural. Arg and Pro stimulated browning in both cases (Fig. 10A) . The correlation between the browning of model orange juice containing each amino acid and that of furfural solution with the respective amino acid was very high (Fig. 10B , r ¼ 0:99).
2-Furoic acid is also derived from AsA. The formation of 2-furoic acid was stimulated by sugars and inhibited by citric acid, radical scavengers, and chelators. Its pattern in Table 2 is similar to that of 3OH2P, but a 2-furoic acid solution did not turn brown during storage even when amino aids were added to it. 12) 5-Hydroxymaltol is derived from fructose. Its formation was repressed by chelators and radical scavengers. A 5-hydroxymaltol solution did not turn brown during storage even when amino aids were added to it. 
